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IL-23 Antagonizes UVR-Induced Immunosuppression
through Two Mechanisms: Reduction of
UVR-Induced DNA Damage and Inhibition
of UVR-Induced Regulatory T Cells
Sebastian Majewski1,3, Christian Jantschitsch1,3, Akira Maeda1,2, Thomas Schwarz1 and Agatha Schwarz1
UVR-induced DNA damage is the major molecular trigger for photoimmunosuppression. The cytokines IL-12
and IL-18, which reduce DNA damage through induction of DNA repair, prevent UVR-induced immunosup-
pression. IL-12 but not IL-18 can break established UVR-induced immunotolerance through modulation of
regulatory T cells (Treg). IL-23 is related to IL-12 by sharing the p40 subunit. Hence, we studied whether (i) IL-23
can reduce UVR-induced DNA damage and thereby prevent UVR-induced immunosuppression and (ii) can
suppress the activity of Treg. IL-23 reduced UVR-induced apoptosis of keratinocytes. Injection of IL-23 into UVR-
exposed mice diminished the number of apoptotic keratinocytes and the amounts of DNA damage. This was
not observed in DNA repair-deficient xeroderma pigmentosum A knock-out mice (Xpa-KO mice), implying that
IL-23 reduces DNA damage through induction of DNA repair. Similarly, UVR-mediated suppression of the
induction of contact hypersensitivity was prevented on injection of IL-23 in wild-type but not in Xpa-KO mice.
However, in contrast to IL-18, IL-23 inhibited the activity of UVR-induced Treg as demonstrated by adoptive
transfer experiments. Our data indicate that IL-23, similar to IL-12 and IL-18, can reduce UVR-induced DNA
damage and thereby prevent immunosuppression. IL-23 shares with IL-12 the still unique capacity to restore
suppressed immune responses because of its effect on Treg.
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INTRODUCTION
Solar/UVR, in particular the mid-wave range between 290
and 320nm (UVB), exerts a variety of biological effects,
including suppression of the immune system. A hallmark
feature of UVR-induced immunosuppression is the fact that
UVR, in contrast to conventional immunosuppressive drugs,
does not suppress the immune system in a general, but rather
in a specific manner (Leitenberger et al., 2007). This is
primarily mediated through the generation of antigen-specific
regulatory T cells (Treg) (Schwarz, 2008).
The biological implications of photoimmunosuppression
still remain mostly unclear. It certainly has a crucial role in
photocarcinogenesis, as chronically immunosuppressed
patients, including transplant recipients, have a dramatically
increased risk of developing skin cancer, and this strongly
correlates with cumulative UVR exposure (Euvrard et al.,
2003). The negative impact of UVR on host defense against
skin tumors has been convincingly demonstrated in various
experimental animal models. UVR-induced immunosuppres-
sion enables the outgrowth of transplanted epithelial skin
cancers and melanomas in mice (Donawho and Kripke,
1991; Sluyter and Halliday, 2001). Specific T cells activated
in UV-irradiated mice by antigen exposure can transfer
suppression to normal recipients, inhibiting tumor immunity,
thereby enabling UVR-induced skin tumors to grow (Ullrich
and Kripke, 1984). In turn, mice with an enhanced immune
response exert a lower risk of developing skin tumors on
chronic UVR exposure (Beissert et al., 1999). Furthermore,
restoration or even enhancement of an immune response by a
topical or systemic application of immunomodulators such as
IFNs or imiquimod is a successful therapeutic strategy for the
treatment of skin cancer (Hersey, 2004; Ooi et al., 2006).
Hence, from this point of view, development of strategies to
downregulate or prevent UVR-induced immunosuppression
may be of clinical relevance.
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UVR-induced DNA damage has been recognized as the
major molecular trigger for UVR-induced immunosuppression
(Kripke et al., 1992). UVR induces specific DNA lesions,
preferentially cyclobutane pyrimidine dimers (CPDs) and 6-4
photoproducts (Patrick, 1977). Accelerated removal of DNA
lesions by exogenous DNA repair enzymes resulted in a
reduction of UVR-induced immunosuppression, indicating
that DNA damage is a crucial molecular mediator in this
process (Kripke et al., 1992).
IL-12 was the first cytokine that was shown to exert
the capacity to prevent UVR-induced immunosuppression
(Mu¨ller et al., 1995; Schmitt et al., 1995; Schwarz et al.,
1996). Inhibition of the induction of contact hypersensitivity
(CHS) was prevented on intraperitoneal injection of IL-12.
This effect might be mediated by its capacity to remove UVR-
induced DNA damage presumably through induction of DNA
repair (Schwarz et al., 2002), as prevention of UVR-induced
immunosuppression was not observed in DNA repair-
deficient mice (Schwarz et al., 2005). In addition, IL-12 is
able to break established immunotolerance, which is
mediated through Treg cells (Schwarz, 2008). On injection
of IL-12, fully UVR-tolerized mice could be sensitized against
specific/tolerogenic hapten. Similarly, incubation of UVR-
induced regulatory T cells (UVR-Treg) with IL-12 inhibited
the suppressive activity of Treg. As UVR-Treg do not harbor
UVR-induced DNA damage, this effect of IL-12 cannot be
related to its capacity to reduce DNA damage. The
mechanism by which IL-12 inhibits UVR-Treg still remains
to be identified.
It turned out that the capacity to reduce DNA damage is
not a unique feature of IL-12 but can be achieved also by
other mediators including IL-18 (Schwarz et al., 2006).
Accordingly, IL-18 also prevented UVR-induced immunosup-
pression (Schwarz et al., 2006). However, in contrast to IL-12,
IL-18 was not able to break UVR-induced immunotolerance,
which is mediated in a DNA damage-independent manner
through UVR-Treg (Schwarz et al., 2006). This indicated that
IL-12 is still unique in its capacity to restore immune
responses, presumably because of its effect on UVR-Treg.
IL-23 is a heterodimeric cytokine consisting of a p40 and
p19 chain. Although it is closely related to IL-12 by sharing
the same p40 subunit, IL-23 also exerts different biological
activities compared with IL-12 (Kastelein et al., 2007). The
effects of IL-23 have been mainly linked to a T helper 17
(Th17) cell response (Mills, 2008). Th17 cells are a recently
described subset of T cells occurring both in mice and
humans. There is solid evidence of an important role of the
IL-23/IL-17 axis in the development of autoimmune diseases
that were initially thought to be driven by Th1 cells (Oukka,
2008). In addition, Th17 cells seem to have an important role
in CHS, as IL-17-deficient mice are impaired in their CHS
response (He et al., 2006). There is also recent evidence that
IL-17 and Th17 cells are involved in the mediation of allergic
contact dermatitis in humans (He et al., 2006). On challenge
with nickel, keratinocytes release IL-23, which initiates Th17-
mediated inflammation (Larsen et al., 2009). Overproduction
of IL-23 in psoriasis stimulates Th17 cells in the dermis to
secrete IL-17A and IL-22. IL-22 in particular induces
hyperproliferation of keratinocytes in psoriasis (Fitch et al.,
2007).
Owing to structural similarity and the different biological
effects between IL-12 and IL-23, we studied the effects of
IL-23 on UVR-induced immunosuppression. In particular, we
were interested in determining whether IL-23, similar to IL-12
and IL-18, can reduce UVR-induced DNA damage and hence
prevent UVR-induced immunosuppression. A further aim of
this study was to clarify whether IL-23 can suppress UVR-
Treg, an activity described so far only for IL-12. In this study,
we show that IL-23 exerts the ability to prevent UVR-induced
inhibition of CHS and that this is related to its capacity to
reduce UVR-induced DNA damage. In addition, IL-23
antagonizes the activity of UVR-Treg by a mechanism,
which, however, remains to be determined.
RESULTS
IL-23 reduces UVR-induced apoptosis in vitro
DNA damage is the major determinant of cell apoptosis
(Kulms et al., 1999), thus apoptosis can be used as a readout
system for the severity of DNA damage. To determine the
effect of IL-23 on UVR-induced DNA damage and apoptosis,
the murine keratinocyte cell line, PAM 212, was exposed to
UVR (250 Jm2). UVR resulted in apoptosis, which was
significantly reduced when cells were preincubated with
IL-23 3 hours before irradiation (Figure 1a). IL-23 alone had
no effect on apoptosis. Similar findings were obtained with
freshly prepared murine keratinocytes (data not shown). To
exclude the possibility that the effect of IL-23 on UVR-
induced apoptosis is due to a filtering effect, IL-23 was added
1 or 3 hours after UVR exposure. In this experimental setting,
the apoptotic rate was still reduced by IL-23, although
remarkably only when IL-23 was added 1 hour after UVR
exposure (Figure 1b). The addition of IL-23 3 hours after UVR
exposure had only minimal impact on the apoptosis rate.
Together, this suggests that IL-23 reduces UVR-induced
apoptosis, which is not due to a filtering effect.
To exclude the possibility that IL-23 only delays apoptosis
but does not rescue cells, the colony-forming efficiency of the
PAM 212 cell line after UV irradiation was determined. As
the UVR dose (250 Jm2) used for detection of cell death did
not allow an outgrowth of colonies (data not shown), the
UVR dose was reduced to 100 Jm2. Preconfluent cells were
either left unirradiated or were exposed to UVR in the
absence or presence of IL-23, which was added 3 hours
before UVR exposure. IL-23 partially rescued colonies in
comparison with the UVR-only group (Figure 1c). This
indicates that IL-23 partially enables the long-term survival
of UVR-exposed keratinocytes.
IL-23 reduces UVR-induced DNA damage in vitro and in vivo
As UVR-induced DNA damage is a major determinant for a cell
to undergo apoptosis on UVR exposure, the impact of IL-23 on
the amounts of UVR-specific DNA damage was determined.
Southwestern dotblot analysis using an antibody against CPDs
was performed. Normal murine keratinocytes were exposed to
UVR (100 Jm2). Four hours later, DNA was extracted, blotted,
and stained with an anti-CPD-antibody. To one group was
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added IL-23 (300ngml1) 3hours before UVR exposure
(100 Jm2). In untreated cells, which served as a negative
control, no DNA damage was detected. In UVR-exposed cells,
remarkable amounts of DNA damage were found, which were
reduced in cells treated with IL-23 before UVR exposure
(Figure 1d). Densitometric analysis of dotblots revealed a
reduction of almost half (47.26%) of CPDs in IL-23-pretreated
cells compared with mere UVR-exposed keratinocytes.
To study the relevance of these findings in vivo, C57BL/6
mice were exposed to UVR (1,500 Jm2) on their shaved
backs. One group was injected with IL-23 intracutaneously
3 hours before UVR exposure. For control purposes,
untreated mice and mice that received IL-23 intracutaneously
in unirradiated skin were included. After 16 hours, biopsies
were performed and the samples were subjected to immuno-
histochemistry using an antibody directed against CPDs. In
samples of UVR-exposed mice, nuclear staining of the vast
majority of keratinocytes was detected, indicating an
accumulation of CPDs in the nuclei (Figure 2). The nuclear
staining was weakly expressed in samples of mice that were
exposed to UVR, but that were additionally injected with IL-
23. No CPD staining was observed in untreated control skin
and in skin of mice that received only IL-23 (data not shown).
IL-23 does not reduce UVR-induced DNA damage and sunburn
cell formation in Xpa-KO mice
As IL-23 does not filter UVR but reduces CPDs, we surmised
that IL-23 might remove UVR-induced DNA damage through
nucleotide excision repair (NER). For that purpose, xeroderma
pigmentosum A knock-out mice (Xpa-KO mice), which are
deficient in NER due to a mutation in the XPA gene (de Vries
et al., 1995), were used. As Xpa-KO mice are more UVR
susceptible, they were exposed to UVR (550 Jm2), otherwise
the mice were treated identically as the wild-type (WT) animals
(Figure 2). Again, nuclear staining was detected in almost every
keratinocyte (Figure 3). However, in contrast to WT mice
(Figure 2), the amounts of CPDs in the skin biopsy samples
taken from UV-irradiated Xpa-KO mice were not reduced on
injection of IL-23 before UVR exposure (Figure 3). This indicates
that IL-23 may reduce DNA damage by involving NER.
To confirm the involvement of NER in a more quantitative
manner, the effect of IL-23 on sunburn cell formation both
in WT and Xpa-KO mice was determined. WT mice and Xpa-
KO mice were exposed to 1,500 and 550 Jm2, respectively,
on their shaved backs. One group was injected with IL-23
3 hours before UVR exposure. For control purposes, un-
treated mice and mice that were injected only with IL-23
were included. After 16 hours, biopsies were performed and
the number of apoptotic keratinocytes (sunburn cells) was
evaluated. UVR exposure induced a remarkable number of
sunburn cells in WT mice (Figure 4a). The number of sunburn
cells was significantly reduced in UVR-exposed WT mice that
were injected with IL-23 before UVR exposure. IL-23 alone
had no influence on the formation of apoptotic keratinocytes;
the number was equal to that of untreated control mice.
The lower UVR doses induced even a higher number of
sunburn cells in Xpa-KO mice, which is due to the enhanced
UVR susceptibility of Xpa-KO mice (Figure 4b). In contrast to
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Figure 1. IL-23 reduces UVR-induced apoptosis and DNA damage. (a) PAM
212 cells (1.0105ml1) were exposed to UVR (250 Jm2). Three hours
before UVR exposure, IL-23 (300 ngml1) was added (UVRþ IL-23). Control
cells were untreated (Co) or stimulated with IL-23 only (IL-23). At 24 hours
after irradiation, nucleosomal DNA fragmentation was examined using a cell
death detection ELISA. (b) PAM 212 cells were exposed to UVR (250 Jm2)
and treated with IL-23 (300 ngml1) 1 hour (IL-23/1 hour) or 3 hours
(IL-23/3 hours) after UVR exposure. Control cells were untreated (Co). At
24 hours after irradiation, nucleosomal DNA fragmentation was examined
using a cell death detection ELISA. Bars represent the mean±SD absorbance
(optical density, o.d.) of duplicates of one representative of three independent
experiments. (c) PAM 212 cells (0.6 104ml1) were exposed to UVR
(100 Jm2; UVR). Three hours before UVR exposure, IL-23 (300 ngml1) was
added (UVRþ IL-23). After 10 days, colonies were visualized with crystal
violet. Untreated cells (Co) and cells exposed to IL-23 only (IL-23) were
included as controls. One representative of three independent experiments is
shown. (d) Freshly prepared murine keratinocytes were exposed to 100 Jm2
UVR in the absence (UVR) or presence (UVRþ IL-23) of IL-23 (300 ngml1).
IL-23 was added 3 hours before UVR exposure. Unirradiated cells served as
controls (Co). Four hours after UV irradiation, genomic DNA was extracted
and subjected to southwestern dotblot analysis using an antibody directed
against cyclobutane pyrimidine dimers (CPDs). To ensure an equal
distribution of DNA, stripping with consecutive incubation with an antibody
directed against adenosine was performed. Densitometry of blots was
performed using GeneTools software, version 3.06 (SynGene). The numbers
represent relative density; UVR values were arbitrarily set as 100. One
representative of three independent experiments is shown. *Po0.00001 vs
Co; **Po0.0005 vs UVR; ***Po0.0005 vs Co; ****Po0.005 vs UVR;
*****Po0.01 vs UVR.
UVR UVR+IL-23
Figure 2. IL-23 reduces UVR-induced DNA damage in vivo. C57/BL6 mice
were irradiated with UVR (1,500 Jm2) on their shaved backs (UVR). Three
hours before UVR exposure, IL-23 (500 ng) was injected intracutaneously
(UVRþ IL-23). After 24 hours, biopsy samples were taken and subjected to
immunohistochemical staining using an antibody directed against
cyclobutane pyrimidine dimers. One representative of three independent
experiments is shown.
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WT mice, injection of IL-23 did not reduce the number of
sunburn cells in Xpa-KO mice, suggesting that IL-23 may
mediate this effect by involving NER.
IL-23 prevents UVR-induced suppression of the induction of
CHS in WT but not in Xpa-KO mice
UVR-induced DNA damage is the major molecular trigger for
photoimmunosuppression (Kripke et al., 1992; Schwarz and
Schwarz, 2002). It was recently reported that the cytokines
IL-12 and IL-18 are able to antagonize UVR-induced
immunosuppression and that this effect is in part mediated
by their capacity to reduce DNA damage (Schwarz et al.,
2005, 2006). In contrast to IL-18, IL-12 also affects the
activity of UVR-Treg through a yet unknown mechanism,
which, however, is not related to UVR-induced DNA damage
and NER (Schwarz et al., 1996). To study the effects of IL-23
on the UVR-induced suppression of CHS, C57BL/6 mice
were UVR exposed (1,500 Jm2) on their backs for 4
consecutive days, followed by a topical application of 2,4-
dinitrofluorobenzene (DNFB) onto the UVR-exposed skin
area 24 hours after the last irradiation. In contrast to
sensitized positive control mice, which reacted to ear
challenge with a pronounced CHS response, application of
DNFB onto UVR-exposed skin did not result in sensitization
(Figure 5a). However, on intraperitoneal injection of IL-23
3 hours before DNFB application onto UVR-exposed skin,
sensitization was achieved, as demonstrated by the increased
ear swelling response when compared with that in negative
control mice, which were challenged without sensitization
(Figure 5a). This suggests that IL-23 prevents photoimmuno-
suppression. Intraperitoneal injection of the same amount of
IL-23 into naive (not UVR exposed) mice did not increase
CHS response (data not shown).
Compared with WT mice, Xpa-KO mice were also
suppressed in their sensitization response on UVR exposure
(Figure 5b). To achieve the same level of immunosuppres-
sion, lower UVR doses were applied in this experiment
because of the enhanced UVR susceptibility of Xpa-KO mice.
In contrast to WT mice, injection of IL-23 did not prevent
UVR-induced immunosuppression in Xpa-KO mice, indicat-
ing that this effect of IL-23 may be critically dependent on
functional NER.
When comparing the efficacy in preventing UVR-induced
immunosuppression between IL-12 and IL-23, IL-12 seemed
to be more potent when injected in equal doses, as, in
contrast to IL-23, IL-12 prevented UV-induced immunosup-
pression completely (Figure 6). When IL-12 and IL-23 were
injected together into UVR-exposed mice, the CHS response
was increased further than on treatment with IL-23 alone.
However, the effect was not statistically significant in
comparison with that of the IL-12 group.
IL-23 inhibits the activity of UVR-Treg
Sensitization with haptens through UVR-exposed skin does
not result in CHS but induces hapten-specific tolerance. This
UVR UVR+IL-23
Figure 3. IL-23 does not reduce UVR-induced DNA damage in vivo in
Xpa-KO mice. Xeroderma pigmentosum A knock-out mice (Xpa-KO mice)
were UV irradiated (550 Jm2) on their shaved backs (UVR). Three hours
before UVR exposure, IL-23 (500 ng) was injected intracutaneously
(UVRþ IL-23). After 24 hours, biopsy samples were taken and subjected
to immunohistochemical staining using an antibody against cyclobutane
pyrimidine dimers. One representative of three independent experiments
is shown.
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Figure 4. IL-23 reduces the number of sunburn cells in wild-type (WT) but
not in Xpa-KO mice. (a) C57BL/6 (WT) were UV irradiated (1,500 Jm2) on
their shaved backs (UVR). (b) Xeroderma pigmentosum A knock-out mice
(Xpa-KO mice) were irradiated with UVR (550 Jm2) on their shaved backs
(UVR). IL-23 (500 ng) was injected intracutaneously 3 hours before UV
irradiation (UVRþ IL-23) or without UVR exposure (IL-23). Biopsy samples
were taken 24 hours after UVR exposure and sunburn cells were counted per
6mm length of epidermis. The bars show the mean±SD of one representative
of two independent experiments. *Po0.02 vs control (Co); **Po0.05 vsUVR;
***Po0.005 vs Co; NS, not significant vs UVR.
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Figure 5. IL-23 inhibits UVR-induced immunosuppression in wild-type (WT)
but not in xeroderma pigmentosum A knock-out mice (Xpa-KO mice). (a)
The shaved backs of C57BL/6 mice (WT) were UV irradiated (1,500 Jm2)
daily on 4 consecutive days. (b) The shaved backs of Xpa-KO mice were
treated with 550 Jm2 UVR daily on 4 consecutive days. At 24 hours after the
last UVR exposure, mice were sensitized on their backs with 0.5%
2,4-dinitrofluorobenzene (DNFB) (UVR). IL-23 (1,000 ng) was injected
intraperitoneally 3 hours before sensitization (UVRþ IL-23). Five days after
sensitization, mice were challenged with 0.3% DNFB on the left ear. Ear
swelling response was measured 24hours later. Positive control mice (Pos Co)
were sensitized and challenged, negative control mice (Neg Co) were
challenged only. Contact hypersensitivity was determined as the amount of
swelling of the hapten-challenged ear compared with the thickness of the
vehicle-treated ear and was expressed in cm 103 (mean±SD of one
representative of three independent experiments). Each group consisted of at
least six mice. *Po0.000001 vs Pos Co; **Po0.05 vs UVR; ***Po0.00001 vs
Pos Co; NS, not significant vs UVR.
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tolerance is mediated through Treg cells (Schwarz, 2008). So
far, IL-12 has been described to be the only cytokine to
inhibit the suppressive activity of Treg (Schmitt et al., 1995).
Because of its capacity to reduce UVR-induced DNA
damage, it was foreseen and not so surprising that IL-23 is
able to prevent the suppression of the induction of CHS by
UVR, as confirmed in Figure 5a. Therefore, we next studied
the effect of IL-23 on the suppressive activity of UVR-Treg.
UVR-Treg cells were induced by applying DNFB onto the
back skin of mice that had been exposed to UVR on the
4 preceding days. Five days after sensitization, lymph
nodes and spleens were obtained from these mice and
CD4þCD25þ T cells, including UVR-Treg, were isolated by
magnetobead separation. Cells were incubated for 24 hours
in a medium supplemented with IL-23 (500 ngml1) or in
medium alone. After washing, 5 105 cells were injected
intravenously into naive mice. Recipients were sensitized
against DNFB 24hours later. Five days after sensitization, ear
challenge was performed and 24 hours thereafter ear swelling
was measured. Recipients that had received UVR-Treg were
significantly suppressed in their sensitization response,
proving the suppressive activity of UVR-Treg (Figure 7). In
contrast, UVR-Treg cells, which were incubated with IL-23,
failed to suppress sensitization, as the recipients responded
with a pronounced CHS reaction, indicating that IL-23 had
downregulated the inhibitory activity of UVR-Treg. The
mechanism of this effect remains to be determined, but it is
certainly unrelated to the removal of UVR-induced DNA
damage. The inhibitory activity of UVR-Treg is at least in part
mediated through IL-10 (Schwarz et al., 2004). IL-12 has
been shown to inhibit the secretion of IL-10 and may thereby
antagonize UVR-induced immunosuppression (Schmitt et al.,
2000). Whether the same applies for IL-23 remains to be
determined.
As UVR-induced tolerance seems to be mediated
through Treg cells (Schwarz, 2008), we next asked whether
IL-23 can break established UVR-induced tolerance.
Mice were sensitized with DNFB through UVR-exposed skin,
and ear challenge was performed 5 days later. On day 14
after the first sensitization, the same animals were resensi-
tized with DNFB through unirradiated abdominal skin.
One group of mice received IL-23 intraperitoneally 3 hours
before resensitization. Five days later, the right ear was
challenged and 24 hours later, ear swelling was measured.
Mice that were sensitized through UVR-exposed skin did not
react with a specific CHS response on resensitization,
indicating the development of tolerance (Figure 8). In
contrast, mice that were injected with IL-23 before resensi-
tization revealed an increased ear swelling response (#4) in
comparison with those animals that did not receive IL-23
(#3). Intraperitoneal injection of IL-23 into mice that were not
UVR exposed but double-sensitized did not have an impact
on ear swelling response on resensitization (data not shown).
However, the CHS response restored by IL-23 in UVR-
tolerized mice was less pronounced when compared with
that in positive control mice that were sensitized and
resensitized through unirradiated skin (#1), indicating that
IL-23 is able to break established UVR-induced tolerance
only partially. As IL-23 fully suppressed the activity of
UVR-Treg (Figure 7), this implies that other mechanisms in
addition to Treg may be involved in mediating UVR-induced
tolerance.
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Figure 7. IL-23 inhibits UVR-induced T regulatory cells (UVR-Treg). C57BL/
6 mice were treated daily with UVR (1,500 Jm2) for 4 days on their backs
and were sensitized 24hours after the last exposure through UVR-exposed
skin. Five days later, spleens and lymph nodes were collected and
CD4þCD25þ T cells were isolated according to the protocol of a magnetic
separation kit. UVR-Treg cells were incubated overnight without (UVR) or
with 500 ngml1 of IL-23 (UVRþ IL-23). After washing, 5 105 UVR-Treg
cells were injected intravenously into naive recipients. At 24 hours after
injection, the recipients were sensitized against 2,4-dinitrofluorobenzene.
Five days later, ear challenge was performed. Ear swelling response was
measured 24 hours later. Positive control mice (Pos Co) were sensitized and
challenged, negative control mice (Neg Co) were challenged only. Contact
hypersensitivity was determined as the amount of swelling of the hapten-
challenged ear compared with the thickness of the vehicle-treated ear and was
expressed in cm 103 (mean±SD of one representative of three independent
experiments). Each group consisted of at least six mice. *Po0.05 vs Pos Co;
**Po0.05 vs UVR.
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DISCUSSION
This study confirms that UVR-induced DNA damage is the
major molecular trigger of UVR-induced immunosuppression
and supports the recent concept that UVR-induced DNA
damage can be reduced by cytokines (Schwarz and Schwarz,
2002, 2009). The latter observation was first made with IL-12
and it was suggested that IL-12 might mediate this effect
through modulation of NER (Schwarz et al., 2005). This was
an extremely surprising and unexpected finding, as, by then,
it was thought that NER as an essential repair system is not
subjected to external regulation. Nevertheless, the effect of
IL-12 on NER was confirmed shortly thereafter by other
groups as well (Meeran et al., 2006a, b). In addition, it turned
out that this activity is not confined to IL-12 but can also be
exerted by other mediators including IL-18 and a-melano-
cyte-stimulating hormones (Bo¨hm et al., 2005; Schwarz et al.,
2006).
On the basis of the findings presented in this study, IL-23
can be added to this list. The reduction of UVR-induced DNA
damage by IL-23 was demonstrated both in vitro and in vivo.
IL-23 reduced UVR-induced apoptosis, which is mostly
driven by DNA damage (Kulms et al., 1999). Accordingly,
the number of sunburn cells was significantly reduced on
intracutaneous injection of IL-23 before UVR exposure. This
was associated with a reduction in the amounts of CPDs as
demonstrated by immunohistochemistry. These findings were
confirmed in vitro by southwestern dotblot analysis, which
revealed significantly reduced amounts of CDPs in cells that
were treated with IL-23 before UVR exposure. The reduction
in DNA damage seems to be critically dependent on a
functional NER, as a reduction in CPDs by IL-23 was not
observed in skin samples of Xpa-KO mice that are deficient in
NER (de Vries et al., 1995).
Generation of DNA damage by UVR is not only an
essential process in carcinogenesis but is also a crucial event
in UVR-induced signal transduction (Kulms and Schwarz,
2002). This applies in particular to UVR-induced immuno-
suppression, as it was shown that the suppression of the
sensitization by UVR can be prevented by the topical
application of DNA repair enzymes (Kripke et al., 1992).
IL-12 was the first cytokine identified to prevent UVR-
induced immunosuppression. The mechanism involved
remained unclear for quite a long time (Mu¨ller et al., 1995;
Schmitt et al., 1995; Schwarz et al., 1996). It is now obvious
that IL-12 prevents photoimmunosuppression by reducing
DNA damage, as the restorative effect of IL-12 on immune
response is not observed in UVR-exposed Xpa-KO mice
(Schwarz et al., 2005). Hence, it was predicted that any
cytokine that reduces UVR-induced DNA damage may
prevent or at least mitigate UVR-induced immunosuppres-
sion. This applies to IL-18 (Schwarz et al., 2006) and, as
demonstrated in this study, to IL-23. Suppression of the
induction of CHS by UVR is almost completely prevented by
either of these cytokines. As this effect is lost in Xpa-KO mice,
one can conclude that both IL-18 and IL-23 may affect NER.
IL-12 was shown to prevent the emigration of UVR-damaged
Langerhans cells from UVR-exposed epidermis (Schwarz
et al., 2005). This effect seems to be mediated by induction of
NER, as it was not observed in NER-deficient mice. As IL-18
and IL-23 can affect NER as well, one can surmise that both
cytokines may also prevent the emigration of Langerhans
cells after UVR exposure. However, this has not been
investigated yet.
In addition to preventing UVR-induced immunosuppres-
sion, IL-12 can break the established tolerance, as injection of
IL-12 into UVR-tolerized mice enables sensitization with the
hapten against which the recipients had been tolerized
(Schwarz et al., 1996). Adoptive transfer studies demon-
strated that IL-12 inhibits the suppressive activity of
UVR-Treg, which are supposed to be the major mediators
of UVR-induced tolerance (Beissert et al., 2006). Although
the underlying mechanism for breaking tolerance and
antagonizing the activity of UVR-Treg by IL-12 remains to
be determined, it is certainly independent of DNA damage
and DNA repair, respectively, as IL-12 exerted this activity in
Xpa-KO mice as well (Schwarz et al., 2005). In contrast to
IL-12, IL-18 was unable to break UVR-induced tolerance.
This suggested that breaking of established immunotolerance
may be a unique feature of IL-12. Furthermore, this indicated
that IL-18, although primarily a proinflammatory cytokine
(Reddy, 2004), through the capacity to affect DNA repair, can
foster an immune response that is otherwise suppressed by
UVR (Schwarz et al., 2006).
Owing to its capacity to reduce UVR-induced DNA
damage, it was not surprising and to even foresee that IL-23
would prevent the suppression of the induction of CHS by
UVR. As IL-23 is most closely related to IL-12, we were
curious to see whether IL-23, similar to IL-12, is able to
inhibit the activity of UVR-Treg. This seems to be the case,
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Figure 8. IL-23 partially breaks established UVR-induced tolerance. The
shaved backs of C57BL/6 mice were treated with 1,500 Jm2 UVR daily on
4 consecutive days. At 24 hours after the last UVR exposure, mice were
sensitized with 2,4-dinitrofluorobenzene (DNFB) through UV-irradiated skin.
After 14 days, mice were resensitized with DNFB (0.5%), which was applied
on the abdomen (UVR, #3). One group received IL-23 (2,000 ng)
intraperitoneally before resensitization (UVRþ IL-23, #4). Five days after
resensitization, mice were challenged on the right ear and ear swelling
response was measured 24hours later. Positive control (Pos Co, #1) mice
were sensitized on their back and were resensitized 14 days later on their
abdomen, followed by ear challenge 5 days later. Negative control mice (Neg
Co, #2) were challenged only. Contact hypersensitivity was determined as the
amount of swelling of the hapten-challenged ear compared with the thickness
of the vehicle-treated ear and was expressed in cm103 (mean±SD of one
representative of three independent experiments). Each group consisted of at
least six mice. *Po0.000001 vs Pos Co; **Po0.05 vs UVR.
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because injection of UVR-Treg, which had been exposed to
IL-23, did not transfer suppression to recipients. As UVR-Treg
cells are supposed to be major mediators of UVR-induced
tolerance, it was tested whether IL-23, similar to IL-12, can
break the established tolerance. Injection of IL-23 rendered
tolerized mice sensitizable to the tolerogenic hapten.
However, the CHS response was not as pronounced when
compared with that in positive control mice, and thus IL-23
seems to be less effective than IL-12. At first glance, this
observation might seem to be in contrast to the finding that
IL-23 completely inhibited the activity of UVR-Treg. How-
ever, this difference could be explained by the fact that
mechanisms other than only Treg are involved in the
mediation of UVR-induced tolerance. Whether this is the
case remains to be determined in the future. In addition, we
cannot exclude the fact that the differences are due to
different in vivo bioavailabilities of both cytokines. In this
case, injection of higher doses of IL-23 should be able to
break UV-induced tolerance completely.
A constant induction of NER in the skin by continuously
secreted cytokines such as lL-12 and IL-23 should reduce the
risk of photocarcinogenesis, as, first, the amounts of DNA
damage are reduced and, second, UVR-induced immuno-
suppression is prevented. In turn, a defect in these cytokines
should enhance the risk for UVR-induced skin cancer. This
seems to be the case as it was shown that p35-deficient mice
are more susceptible to photocarcinogenesis (Meeran et al.,
2006c). In addition, knockout mice, which lack the p40
chain, develop skin tumors faster and more frequently on
chronic UVR exposure (Maeda et al., 2006). Because these
mice lack both functional IL-12 and IL-23, this study did not
give an insight into whether IL-12 or IL-23 would be more
beneficial in this respect. Photocarcinogenesis studies using
p19- and p35-knockout mice, respectively, will give an
answer and are currently ongoing.
MATERIALS AND METHODS
Cell culture and treatment of cells
The transformed murine keratinocyte cell line, PAM 212, was
cultured in RPMI 1640 medium containing 10% fetal calf serum and
1% L-glutamine (PAA, Co¨lbe, Germany). UV irradiation was
performed using a bank of six fluorescent bulbs (TL12, Philips,
Eindhoven, The Netherlands), which emit most of their energy
within the UVB range (290–320 nm) with an emission peak at
313 nm. The cells were exposed to UVR in warm phosphate-buffered
saline, which was replaced with a complete culture medium after
UV irradiation.
Freshly prepared murine keratinocytes were obtained from the
ears of C57BL/6 mice. Briefly, ears were divided into two pieces and
floated (upper side epidermis, lower side dermis) on Dispase II
solution (2.4Uml1, Roche Diagnostics GmbH, Mannheim,
Germany). After incubation for 2 hours at 37 1C, the epidermis was
separated from the dermis and passed through a nylon mesh to
obtain a single-cell suspension.
Mice
Female C57BL/6 mice, 6–8-weeks old, were purchased from Charles
River Laboratories, Sulzfeld, Germany. Xpa-KO mice were gener-
ated at the RIVM, Bilthoven, The Netherlands and were kindly
provided by Harry van Steeg. Animal care was provided by expert
personnel in compliance with relevant laws and institutional
guidelines. Recombinant murine IL-23 (R&D Systems, Wiesbaden,
Germany) was diluted in sterile endotoxin-free 0.9% NaCl solution
and injected either intraperitoneally (1,000 or 2,000 ng) or intra-
cutaneously (500 ng). Recombinant murine IL-12 (R&D Systems) was
diluted in sterile endotoxin-free 0.9% NaCl solution and injected
intraperitoneally (1,000ng).
Detection of cell death in vitro
PAM 212 cells (1.0 105ml1) were seeded into 3 cm Petri dishes.
After 24 hours, the medium was replaced with phosphate-buffered
saline and cells were exposed to UVR (250 Jm2). Three hours
before UVR exposure, IL-23 (300 ngml1) was added. Immediately
after UV irradiation, the medium was again replaced by a culture
medium. After 24 hours, cells were harvested and subjected to a cell
death detection ELISA (Roche Diagnostics GmbH). In this method,
the enrichment of mono- and oligonucleosomes released into the
cytoplasm of cells is detected by biotinylated anti-histone- and
peroxidase-coupled anti-DNA antibodies.
Colony-formation assay
To determine colony-forming efficiency, PAM 212 cells
(0.6 104ml1) were exposed to UVR (100 Jm2) in 6 cm Petri
dishes. Three hours before UVR exposure, IL-23 (300 ngml1) or an
equal amount of diluent was added. After 10 days, colonies were
visualized by crystal violet staining.
Southwestern dotblot analysis
Genomic DNA was isolated from 1 106 cells according to
the DNA extraction protocol from Biozym Diagnostik (Hessisch
Oldendorf, Germany). Genomic DNA (2 mg) was transferred to a
positively charged nylon membrane by vacuum-dot blotting and
was fixed by baking the membrane for 15minutes at 80 1C. A
monoclonal murine antibody directed against CPDs (clone KTM53,
Kamiya Biomedical Company, Seattle, WA) was used for south-
western analysis. To ensure equal distribution of DNA, stripping with
consecutive incubation with an antibody directed against adenosine
was performed (WAK-Chemie Medical GmbH, Steinbach,
Germany). Detection was carried out with a horseradish perox-
idase-conjugated anti-mouse antibody. Densitometry of blots was
carried out using GeneTools software, version 3.06 (SynGene,
Cambridge, UK).
Evaluation of sunburn cell formation and immunohistochemical
staining for CPDs
C57BL/6 mice were exposed to 1,500 Jm2 UVR on their shaved
back; Xpa-KO, which are more UV sensitive, were exposed to
550 Jm2. Three hours before irradiation, IL-23 (500 ng) was injected
intracutaneously. At 24 hours after UVR exposure, 6mm punch
biopsy samples were taken from UVR-exposed areas of the skin,
fixed in 4% formalin, and embedded in paraffin. Samples of
unirradiated skin and skin that was injected with IL-23 but not
UVR exposed were included as controls.
For sunburn cell evaluation, tissue sections (5 mm) were stained
with hematoxylin and eosin. The number of sunburn cells—defined
as apoptotic cells within the epidermis exhibiting a shrunken
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eosinophilic cytoplasm and a condensed nucleus—per 6mm length
of epidermis was counted. At least five fields of each sample were
evaluated and the mean number (±SD) of sunburn cells was
determined.
For immunohistochemical staining, sections were deparaffinized,
immersed in 0.01M sodium citrate (pH 6), and were subsequently
heat treated in a steamer for 20minutes to unmask antigenic
epitopes. Nonspecific binding sites were blocked with 10% horse
serum and 0.3% saponin in phosphate-buffered saline for 10
minutes, followed by incubation at 4 1C overnight with an anti-
CPD antibody. Endogenous peroxidase activity was blocked by
incubation with 3% H2O2 after an overnight incubation with the
primary antibody. An appropriate IgG1 control was included (Santa
Cruz Biotechnology, Heidelberg, Germany). Staining was carried
out using an indirect immunoperoxidase technique using the
Vectastain Universal quick kit and was visualized using NovaRed
substrate (Vector Labs, Burlingame, CA). Finally, the sections were
counterstained with hematoxylin.
UVR-induced immunosuppression
UVR-induced immunosuppression was induced by irradiating the
shaved backs of C57BL/6 mice with 1,500 Jm2 UVR daily on 4
consecutive days. As Xpa-KO mice are more susceptible to UVR (de
Vries et al., 1995), they received only 550 Jm2 per exposure to
achieve the same level of immunosuppression. At 24 hours after the
last UVR exposure, mice were sensitized by painting 50 ml of DNFB
(Sigma, St Louis, MO) solution (0.5% in acetone/olive oil, 4:1) on
their backs. Five days after sensitization, the mice were challenged
with 20 ml of 0.3% DNFB on the left ear. Ear swelling response was
quantified with a spring-loaded micrometer 24 hours later. Positive
control mice were sensitized and challenged. Negative controls
were challenged only. CHS was determined as the amount of
swelling of the hapten-challenged ear compared with the thickness
of the vehicle-treated ear, and was expressed in cm 103. To
investigate the effect of IL-23 and/or IL-12 on CHS, 1,000 ng of IL-23
and/or 1,000ng of IL-12 was injected intraperitoneally 3 hours
before sensitization.
To determine the development of tolerance, resensitization was
performed on abdominal skin 14 days after the first sensitization. The
second challenge was performed on the right ear 5 days after the
second sensitization. Ear swelling response was measured 24 hours
later. To study the effect of IL-23 on already established immuno-
tolerance, IL-23 (2,000ng) was injected intraperitoneally before
resensitization.
Generation of UVR-Treg
Mice were sensitized against DNFB through UVR-exposed skin as
described above. Five days after hapten application, spleens and
regional lymph nodes were removed and single-cell suspensions
were prepared. CD4þCD25þ T cells were isolated in a two-step
procedure according to the protocol of a magnetic separation kit
(CD4þCD25þ Regulatory T Cell Isolation Kit; Miltenyi Biotec,
Bergisch Gladbach, Germany). The purity of CD4þCD25þ cells
was evaluated by flow cytometry (FC500 flow cytometer, CXP 2.2
software, Beckman Coulter, Krefeld, Germany) using allophycocya-
nin-conjugated anti-mouse CD4 (BD Biosciences, Heidelberg,
Germany) and phycoerythrin-labeled anti-CD25 antibodies
(Miltenyi Biotec). Appropriate isotype controls were included.
Purified UVR-Treg were incubated overnight with 500 ngml1
IL-23 or remained unstimulated. On the next day, viability of cells
was evaluated by trypan blue staining (always more than 90%
viability). UVR-Treg cells (5 105) were injected intravenously into
naive mice. The recipients were sensitized against DNFB 24 hours
after injection and ear challenge was performed 5 days later. After
24 hours, ear swelling was measured.
Statistics
Data were analyzed by Student’s t-test. Differences were considered
significant at Po0.05.
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